This paper analyzes some basic design aspects for a three phase diamagnetic levitating rotor. A proposed design uses a triangular configuration of magnets for a levitating rotor. A formula for finding a the approximate levitation point of the rotor is given. The proposed system uses three phase alternating current and a nine coil configuration to drive the levitating rotor. For this configuration, moment plots for different radial positions and tilt angles of the coils are given for a specific coil geometry. In addition, a way to find the effectiveness of finitely thick diamagnetic plates by using the method of images is also presented with normalized plots for some common, cylindrical NdFeB magnet geometries.
Introduction
Diamagnetic levitation has been a curiosity for decades [1] [2] . All materials are diamagnetic though the phenomenon is weak and is often eclipsed by other magnetic affects like paramagnetism and ferromagnetism. Diamagnetism, like all magnetic effects, comes mainly from quantum mechanical interactions of electrons in atoms with externally applied magnetic fields (see [3] [4] [5] for more detailed information about this). For information about stability and stable levitating regions for diamagnetically stabilized magnets, see [1] [2] .
Though a few applications for diamagnetism have been proposed, but because the effect is very weak [1] [2] there are few useful engineering applications. With NdFeB magnets, diamagnetic levitation can be applied to engineering applications at small scales. This paper explores using diamagnetism for creating a millimeter scale levitating rotor that could be scaled to microscales for MEMS applications and focuses on some design issues of a levitating rotor.
Structure & Design Figure 1 shows the basic layout for a diamagnetic rotor using a triangular configuration for the levitating magnets. The magnets are bonded to light weight but rigid structure that constrains the levitating magnets in an equilateral triangular configuration. The rotor is levitated by using a lifter magnet placed about the rotor and stabilized by using two plates of pyrolitic graphite placed directly above and below the rotor.
Estimating the levitation position below the lifter magnet can be done by using a force balance where the weight of the levitating magnets is balanced by the magnetic attraction from the lifter magnet: mg− Idl×B = 0 where B is the field density from lifter magnet, the I is the current along a circular current loop (thin cylindrical magnets can be approximated this way with I = M t , M is magnetization and t is the magnet's thickness). Only the radial component of B contributes to vertical forces on the levitating magnets and an approximation for B r is − along the z axis:
where the parameters are explained in figure 1 . After differentiating, applying the cross product, integrating one gets an expression for the forces on the levitating magnets for the vertical direction:
where R L and M L are the radius and magnetization of the levitating magnet. The value of z that satisfies the above expression gives a rough approximation of the levitation point below the suspending magnet's center (z is found by root finding or graphing). Two sets of electromagnetic coils placed symmetrically around the rotor at positions at equal distances above and below the rotor's horizontal plane drive the rotor. Each set has nine coils for a revolving magnetic field generated by a three phase current (see figure 2 ). For each pair of upper and lower coils, the currents need to be 180
• out of phase of each other. This causes the z-direction forces exerted by the upper and lower coils on the rotor magnets to cancel so there is no net moment trying to tip the rotor. Figure 3 shows the maximum moments generated for horizontal coils placed at various heights h above the levitation plane. These plot was calculated by computing the forces on a single magnet in the rotor and multiplying by the number of magnets (in this case six) and by moment arm of 10 mm (Note because of the three plane symmetry around the central axis, the forces on each magnet are identical, though 120
• out of phase with each other).
Another important design parameter examined is the effect of thickness and spacing of the diamagnetic plates for levitating the magnets by applying the method of images from [4] with a new trick as shown in figure  7 and explained in the caption. The resulting reduction of diamagnetic repulsion from finite thick layers is given in the graphs of figure 8.
Analysis
A computer program was constructed to numerically calculate the forces and moments generated for the proposed design. The Biot Savart Law for calculating magnetic field density and forces was integrating numerically by using Gaussian quadrature. The amplitude of the coils surface current was assumed to be 1000 A/m (which is not difficult to achieve even with air coils) with a square cross section. The coil's dimensions for the graphs were 30 mm long, and 7 mm square (see figure 2) . The rotor magnets were assumed to be six cylindrical solenoids with the same height and radius as the magnets themselves (1.6 mm and 3 mm, respectively) and a surface current of 978 kA/m (magnetization). This number was calculated by using properties from NdFeB magnet property tables [6] (found magnetization from residual flux density B and dividing by µ 0 ). Permanent magnets are near saturation so µ is nearly equal to µ 0 [7] . The rotor and coil geometry are shown in figure 3 . The size of the rotor, position of the rotor magnets, and the dimensions of the coils were kept constant but the radial distance r, height h, and angle of the coils was varied to see how these parameters affect the generated moments on the rotor. All numerical computations are for a "locked rotor test". This avoided needing to model the dynamics of the rotor.
For the exploring how the thickness of the diamagnetic plates affects the stabilizing forces on levitating magnets, a variation of the above program computed the normalized forces for four different magnet radius/height ratios. In order to make these results applicable to a greater number of problems, the magnet's radius R, plate thickness T , and spacing between the magnet's center and the diamagnetic plate z were normalized by the magnet's thickness H. All the resulting forces were normalized by dividing the force from a semi infinite diamagnetic surface starting at the same location as the top surface of the diamagnetic plate. The method of images can be applied to find the affect of a finite thickness of material. This is done by finding the effect of semi infinite thick layers at the locations of the top and bottom surfaces of the finite layer, then subtract the effect from the semi infinite layer at the bottom position from the affect of the semi infinite layer at the top position.
Results
An experimental set up based on figure 1 (without coils) used a suspending NdFeB magnet with a radius of 19 mm and 38 mm tall and a single small NdFeB magnet (with radius 3 mm, thickness 1.6 mm) to test the accuracy of equation 2. The equation predicts the levitation point to be at 13.6 cm but the actual levitation point is around 13.4 cm. The equations prediction is 1.5% too large. The error could the that the assumption for µ should be higher than µ 0 , the NdFeB tables give conservative magnetization values, or because of the loop approximation.
The numerical results give good insights for coil placement and the resulting moments. From figure 3, the moments are strongest when the coils are closest. This result is not surprising since coils in electric motors are placed close as practical to their rotors because the magnitude the field is strongest near the coils. figure 4 show the best location for horizontal coils is where one end of the coils is just beyond the position of the levitating magnets (subtract half the coil's length, 15 mm, from r). This is where the cross product of the field from the coils and the surface currents of the levitating magnets are strongest, and gives the greatest push or pull on the magnets. As the height h of the coils increases, the point where the radial flux is strongest moves out slightly. Tilting the coils brings one end of the coils closer to the magnets thus increasing the generated moments. The interesting result is that the maximum points of the curves in figures 5 and 6 are not at the same locations due to the field distribution from the coils.
Experiments with laminated iron bars with the same dimensions as the coils of the numerical calculations show that coils can't be too close the levitating magnets otherwise the levitating magnets induce magnetization in the iron bars and become attracted to the bars, destabilizing the levitating rotor. This shows that if the coils use iron cores instead of air coils (to reduce i 2 R loses) they need to be placed far enough away to prevent destabilization. Figure 8 , shows that for most cases diamagnetic plates with a thickness of five times the axial length of a cylindrical magnet H will act as a semi infinite surface of diamagnetic material at 0.90 or better. However, as the ratio R/H increases, thicker plates are needed to maintain the same effectiveness as a semi infinite surface. Furthermore, as the normalized distance between the magnets and the plates increases, the magnets notice relatively more "missing" material (the two image magnets move relatively closer together) and finite plates lose their ability to act like semi infinite surfaces. For the levitation point experiment, the diamagnetic plates were 3 mm thick. With H = 1.6 mm for the levitating magnets, R/H = 1.875. The spacing between the magnets and plates is around 3 mm, thus z/H = 1.875. Using the graphs gives an effectiveness around 0.88. Therefore, using thicker plates would not generate much more levitation (stabilizing, not lifting) force.
Conclusion
Equation 2 gives a fairly close estimate for the levitation point of the magnets and hence the rotor itself. The graphs in figures 3 to 6 give valuable insight for coil placement and positioning. Unfortunately, the due to the length restrictions of this paper, the effects from varying coil length and size could not be explored here. Exploring these parameters would further help optimize the design. Destabilization caused by induced magnetization must be examined further as well.
